Cells are able to sense and react to their physical environment by translating a mechanical cue 19 into an intracellular biochemical signal that triggers biological and mechanical responses. 20 This process, called mechanotransduction, controls essential cellular functions such as 21 proliferation and migration. The cellular response to an external mechanical stimulation has 22 been investigated with various static and dynamic systems, so far limited to global 23 deformations or to local stimulation through discrete substrates. To apply local and dynamic 24 mechanical constraints at the single cell scale through a continuous surface, we have 25 developed and modelled magneto-active substrates made of magnetic micro-pillars embedded 26 in an elastomer. Constrained and unconstrained substrates are analysed to map surface stress 27 resulting from the magnetic actuation of the micro-pillars and the adherent cells. These 28 substrates have a rigidity in the range of cell matrices, and the magnetic micro-pillars generate 29 local forces in the range of cellular forces, both in traction and compression. As an 30 application, we followed the protrusive activity of cells subjected to dynamic stimulations.
Introduction 36
Living cells have a sense of touch, which means that they are able to feel, respond and adapt 37 to the mechanical properties of their environment. The process by which cells convert 38 mechanical signals into biochemical signals is called mechanotransduction. Defects in the 39 mechanotransduction pathways are implicated in numerous diseases ranging from 40 atherosclerosis and osteoporosis to cancer progression and developmental disorders 1,2 . Since 41 the 1990s, different static studies focused on mechanosensing have shown that cells can dried.
141
To assemble the magneto-active substrate, 120µL of PDMS/pillar mixture was poured on 142 each polypropylene square and carefully covered with a 32mm coverslip to avoid the 143 6 inclusion of bubbles. To orient and organize the micro-pillars in the substrate, the stack was 144 positioned over the magnetic template on a large permanent magnet (60mm diameter, 145 Supermagnete) as shown in Fig.1B . The ensemble was kept at 65°C overnight to cure the 146 PDMS and then the magneto-active substrates were stored at room temperature in the dark. 147 Before use for cell culture, the polypropylene sheet was carefully removed and a 26mm 148 silicon ring activated with O2 plasma was stuck on the PDMS surface to confine cells and 149 culture medium.
150
Magnetic field source for actuation on the microscope stage 151 A pair of electromagnets were made by winding 1mm diameter copper wire around 10cm 152 long aluminum tubes, i.e. 250 turns over 2.5 layers. Magnetically soft iron cores were used to 153 focus the magnetic field 2cm away from the coil and their tips were shaped as a bevel (30° on 154 one side, 13° on the other side). The coils were plugged in series on a current generator (Imax = 155 9A) . The pair of electromagnets was mounted on the stage of an epifluorescence microscope 156 equipped with a chamber maintained at 37°C to enable live cell imaging. Before cell 157 experiments, the tips of the electromagnet cores were wrapped in a thin film of Teflon to 158 prevent sticking on the surface of the substrate and rusting of the core material (soft iron).
159

Characterization methods 160
The magnetic field generated in between the electromagnets was estimated macroscopically 161 with a Hall probe (Allegro A1302, Microsystem Inc.). The magnetic moment of individual 162 pillars was calculated from the magnetic moment of a population of about 8•10 4 pillars 163 measured using an extraction magnetometer. 164 The average dimensions of the magnetic pillars after collection were estimated from the 165 measurement of 39 pillars with a bright field microscope. 166 The average thickness of the substrate was measured optically on samples containing (Bruker). Soft PDMS patches of 20mm diameter and 2mm thickness were also produced to 174 measure the global viscoelastic properties (shear storage modulus G' and loss modulus G") of 175 the substrate with a rheometer (Bohlin) used in parallel plane geometry at deformation 176 amplitudes  varied between 0.01% and 20% of shear and frequencies varied between 0.01Hz 177 and 10Hz.
178
Numerical modelling 179
In a simple approximation, the present system can be considered as a network of elongated 180 magnets which experience a torque due to the application of a transverse (in-plane) magnetic 181 field. Numerical modelling was performed using COMSOL Multiphysics 5.0 (COMSOL 182 Group, Stockholm, Sweden) in order to define the limits of this simplistic approach and 183 understand the parameters which are relevant to the dimensioning of the system. All 184 simulations were performed on a Dell OptiPlex 9020 (Dell Inc., Round Rock, TX.) powered 185 with an Intel Core i5 4 th generation / 3.3 GHz (Intel Corporation, Santa Clara, Ca.).
186
In a first simulation, the magnetic field distribution produced by the electromagnets was 187 modelled in 2D (i.e. in the x-z plane bisecting the electromagnets' cores, where x is in the 188 plane of the substrate and z is out of the substrate planesee Fig.1C ). As the magnetic field 189 source, we considered the magnetic cores of the coils, and used as input their real geometry 190 with a distance of 6mm between the cores' apex. To reduce the computational load, the 191 electromagnets were modelled as permanent magnets, homogeneously magnetized along their 192 axis. Their magnetization was adjusted in such a way that the theoretical value of the 193 generated field's projection along the horizontal direction (Bx) matches the experimental 194 values measured in the centre of the system for a current of 5A.
195
A second model was developed to analyse quantitatively the magnetic and mechanical 196 response of a single pillar in PDMS when exposed to an external magnetic field. In this 3D 197 magneto-mechanical model, the pillar was represented as a cylinder of silicon, with a 198 diameter of 10µm and a height of 25µm. The Fe shell is 2µm thick on the sidewalls and 10µm 199 thick on the top of the pillar. The relative permeability of iron was taken as µr = 5000. The
200
PDMS film is 115µm thick, with the top of the pillar being 1µm below the PDMS surface.
201
The top surface of PDMS is described as a free surface while the bottom one is mechanically The magneto-active substrates were sterilized in 70% ethanol for at least 20min and rinsed 207 with PBS before use. The surface was then incubated for 1h in 20µg/mL fibronectin (Sigma) 208 solution diluted in PBS, a disk of Teflon was used to spread the fibronectin drop on the 209 hydrophobic surface. The substrate was rinsed with PBS and conditioned with culture 210 medium at 37°C for at least 30min.
211
These substrates were tested with wild type NIH3T3 fibroblasts as well as NIH3T3 cells 
245
The same methods were used to derive the distribution of stress magnitude and spatial stress 246 variations induced by the cells. In that case, the reference image was taken after detachment 247 of the cell with 0.2% SDS, without any magnetic field. of the most active region as a function of time by averaging the 5% highest velocity values.
261
The ratio between the average maximum velocity of a 5-minute period after and that of the 5-262 minute period before mechanical stimulation was then calculated.
263
Data Availability 264
The datasets generated during and/or analyzed during the current study are available from the 265 corresponding authors on reasonable request.
266
Results and Discussion
267
Magneto-active substrates were fabricated by incorporation and organization of magnetic 268 micro-pillars in a continuous layer of soft elastomer (Fig.1 ). The elements involved in the 269 fabrication and actuation of the magneto-active substrates were characterized, before plating 270 cells on their surface and measuring their protrusive activity after stimulation, to demonstrate 271 the potential of this technology for mechanobiology studies.
272
Physical properties of the pillars 273
Since the aim is to produce a torque on the soft magnetic element embedded in the elastomer, 274 the element needs to be anisotropic in shape (if it were magnetically soft but isotopic in shape, 275 the magnetic moments would simply rotate to align with the applied field, resulting in no 276 tilting of the object itself). The considered micro-pillars consist of a core shell structure, based 277 on a silicon cylindrical core coated with an iron shell, produced by lithography, DRIE and Fe 278 deposition ( Fig.1A) . After collection, the dimensions of 39 pillars were measured to be 33.5 ± 279 2.5 µm in height and 15.7 ± 1.2 µm large. This indicates that the micro-pillars are broken 280 roughly 10 µm above their base, which corresponds to the thickness of Fe deposited between 281 the pillars. The saturation magnetic moment of about 8•10 4 pillars was estimated to be 3.3•10 -2 282 A.m 2 , i.e., 4.1•10 -9 A.m 2 per pillar. Considering that the saturation magnetization of iron is 283 1.7•10 6 A.m -1 , the volume of iron deposited on a given pillar is estimated to be around 2400 284 µm 3 , which matches the order of magnitude obtained from a geometrical estimation.
285
The protocol of assembly established in the methods section produces magneto-active 286 substrates containing magnetic micro pillars arranged in a layer of soft PDMS according to 287 the chosen magnetic template (see Fig.1B ). To better control the position of the pillars, we 288 tried using template arrays of magnetic islands that could trap individual magnetic micro-289 pillars at regular distances. However, trapping one pillar per island proved difficult. It is 290 important to mention that organizing the pillars using a stripe-template does not affect their 291 ability to locally deform the substrate, provided that the pillar density is kept low enough to 292 prevent magnetic and mechanical interactions between pillars.
293
Mechanical properties of the substrate 294
PDMS is a biocompatible elastomer widely used as a cell substrate. We first observed that 295 standard Sylgard 184 used in a ratio base to crosslinker of 40:1, leads to a substrate with a 296 Young's modulus of 40kPa and a sticky surface. We found that adding 8 parts of silicon oil to 297 the Sylgard mixture reduced both the rigidity, to a suitable range to be deformed by cells so as which remains close to 0 at the frequencies of interest (see Supplementary Fig.S1 ). For pillar is E = 20.3 ± 2 kPa ( Fig.2A) . The PDMS mixture used in this study leads to a soft 312 substrate with negligible viscosity at the frequencies of interest, and thereby allows us to use 313 the TFM algorithm and derive force fields from the displacement field of the fluorescent 314 beads.
315
As expected, the rigidity sharply increases by an order of magnitude when indenting above 316 the pillars ( Fig.2A) , which leads us to avoid analysing cells lying above pillars.
317
The layer of soft PDMS is 115.5 ± 12.5µm thick, as measured in 9 points of 3 different down (see Supplementary Fig.S2 ). This density of beads is low enough to neglect their 325 influence on the mechanical behaviour of the soft substrate 37,38 and allows automated tracking 326 of the displacement with high accuracy (20 nm) and spatial resolution (<5 µm). This 327 reproducible method of bead incorporation is thus particularly suited to improve TFM on a 328 soft elastomer 39 and widens the range of soft substrates that can be used to study cell 329 contractility.
330
Generation of the magnetic field 331
To actuate the magnetic micro-pillars, two electromagnets have been designed to generate a 332 predominantly in-plane magnetic field (Fig.1C ). While the iron cores have been designed to 333 focus the field at the surface of the magneto-active substrate, the dimensions and the position 334 of the electromagnets were determined by the geometrical constrains related to the 335 microscope and the cell culture dishes.
336
The Bx component of this field was measured as a function of current input into the coils with 337 a Hall probe positioned at the mid-point between the two cores ( Fig.2B) . We restricted the 338 current input to a maximum intensity of 5A for the rest of the experiments, which corresponds 339 to a magnetic field of 100mT.
340
The magnetic field distribution calculated within the actuation zone is represented in Fig.2C . is essential to take advantage of the shape anisotropy of the iron shell to align the 364 magnetization of the pillar along its long axis, and thereby generate a torque able to deform 365 the surface of the substrate. Fig.3C indicates that this effect is modulated by the value of the 366 vertical magnetic field, since for Bx=100mT and Bz=50mT, the surface above the pillar is 367 expected to experience in-plane displacements of over 7.5µm. Note that the slight vertical 368 distortion (<1µm) expected close to the tilted pillar at high deformation was observed 369 experimentally through a local defocusing of the fluorescent beads.
370
The magneto-mechanical model indicates that the displacement generated by a pillar 371 decreases with increasing distance from the closest core, which was observed experimentally 372 ( Fig.S3 ). Thus in a given experiment with cells spread across the substrate, the influence of 373 different values of displacement on a given set of cells can be studied.
374
Experimental deformation. 375 The magneto-mechanical simulation of a pillar placed at 1mm from the magnetic core was 376 performed with Bx = 119mT and Bz = 27mT, as estimated from the magnetic field distribution 377 simulation of the experimental actuation system (Fig.2C) . A top view of the displacement 378 field in the xy plane was used to estimate the stress magnitude of the surface using the traction 379 force microscopy algorithm, and the stress variations. These numerical estimations agree with 380 experimental measurements performed on 5 pillars significantly actuated by electromagnets 381 powered with 5A (Bx~100mT, Bz~70mT) . Indeed, such actuation generates a displacement 382 field that decays sharply by 50% within 20µm (Fig.4A) , which corresponds to the cellular The displacements induced by a series of 15 pillars aligned about 1.5mm away from the tip 386 (Bz~20mT) and experiencing an incremental actuation (from 0 to 5A in the coils) was 387 14 systematically measured to estimate the variability of the actuation between pillars (see 388 Supplementary Fig.S4 ). The broad distribution of maximum displacements, which increases 389 with the current input, can be explained by the influence of pillar geometry on the resulting 390 actuation. 3D magneto-mechanical simulation was performed on core-shell pillars with 391 different shapes (cylinder and cone of different heights), and positioned with the iron cap 392 either towards the surface (up) or towards the coverslip (down) (see Supplementary Fig.S5 ). 393 We found that cylinders are insensitive to the up/down orientation whereas conical pillars are 394 sensitive to it, showing a 50% displacement increase when placed upside down. Hence, a 395 conical pillar with iron cap up induces 25% less deformation than a cylindrical one, but when 396 placed upside down the obtained deformation becomes larger than that of a cylindrical pillar.
397
Regarding the influence of the pillar length, which can be affected during mechanical 398 collection from the wafer, we found that a cylindrical pillar is expected to deform the surface 399 about 22% less if reduced by 5µm from its basis, and up to 45% less if reduced by 10µm.
400
Coupling the active substrates with TFM allows to measure the actual displacements and 401 stresses induced by each pillar after removal of the cells. Hence, the variability of actuation 402 amplitudes from pillar to pillar can be used to our advantage: a range of stimuli can be 403 explored in one experiment, where the precise stress applied on each cell is known.
404
Deriving the stress magnitudes at the surface of the 20kPa PDMS reveals that the magneto-405 active substrates allow generating a stress within 30µm around the pillars, up to 2.4kPa of 406 stress amplitude in the close vicinity of the pillars (Fig.4B) . Such a value corresponds to the 407 range of stress that cells are able to generate on their substrate 40,41 and therefore supports the 408 relevance of the present system in mimicking the mechanical coupling of neighbouring cells 409 through their matrix 42 . In terms of force, magneto-active substrates can locally transmit nN-410 forces to cell adhesions, if a typical adhesion surface of 1µm 2 is considered, which also 411 compares to forces generated by single adhesions 43, 44 . Moreover, the maps of stress variation 412 show a clear localization of the mechanical stimulation in a 30µm-radius around the pillars.
413
This subcellular length scale confirms that the present magneto-active substrates are 414 appropriate tools to investigate the spatiotemporal evolution of intracellular signals triggered 415 by a local extracellular mechanical cue sensed at the focal adhesions.
416
Displaying the stress variation map also highlights the different modes of stimulation 417 available with the magneto-active substrates. Indeed, the torque applied by the magnetic field 418 on a pillar stresses the surface in tension on one side (positive stress variation) and in 419 compression on the other side (negative stress variation). This feature offers the possibility to 420 15 perform both stretching and compression experiments on the same setup and thus to propose 421 rigorous comparisons of the differential response of stimulated cells. This is particularly 422 relevant to investigate muscle cells, cell types sitting in weight bearing tissues 24,45 but also 423 stem cells, the differentiation of which is already known to be tuned by static mechanical cues 424 of their environment such as stiffness 12 and geometry 5 via the mechanotransduction 425 processes.
426
Control through the current input. 427 Electromagnets rather than permanent magnets were chosen to facilitate dynamic control of 428 the system. As expected from the evolution of the magnetic field measured experimentally 429 (Fig.2B) , the deformation, stress and stress variation profiles progressively spread along the x 430 direction up to 5A and stabilize thereafter (Fig.S6 ). This observation supports our choice to 431 limit the stimulations to 5A for subsequent experiments. Cyclic stimulations manually 432 performed between 0 and 5A on 4 different pillars show that the temporal pattern of 433 deformation is reproducible over several cycles of actuation (Fig.4D) . The residual 434 deformation appearing after the first cycle can be explained by a slight defocusing of the 435 surface around the pillar and/or a local micro-delamination at the interface between the soft 436 PDMS and the pillar. Besides tuning the stress applied to the cell in a physiological range by 437 varying the amplitude of the current, it is also possible to tune the temporal pattern of the 438 stimulation with a function generator. Micrometric displacements of the pillars were 439 detectable up to 10Hz with our optical setup, which is comparable to the current cell stretcher 440 technologies 8 .
441
Application to cells 442
To test our system in relevant conditions for biological studies, a low density of NIH3T3 443 fibroblasts was plated on the magneto-active substrates after functionalization of the surface 444 by adsorption of fibronectin. The cells adhered normally and homogeneously within 3 to 4 445 hours after seeding (Fig.5A) . 446 First, we investigated whether the stresses induced by a pillar in the vicinity of a cell can 447 mimic the action of neighbouring cells, both in magnitude and spatial patterns. Fig.5B shows 448 that a pillar positioned ~1.5mm away from the tip of an electromagnet powered by 5A, 449 generates up to 1.5kPa stress in absence of a neighbouring cell, and that NIH3T3 cells also 450 generate up to 1.5kPa when lying close to the same pillar at rest. These values indicate that 451 16 the forces imposed by the actuation of the magnetic pillar are comparable to the traction 452 forces generated by the cells on the same substrate, which supports the relevance of the 453 method. Furthermore, mapping the stress variations ( Fig.5C ) both confirms the symmetric 454 pattern of stretching and compression generated by the pillar and recalls that cells compress 455 the surface they adhere on. Stress variations induced by the actuation of a pillar also appear 456 very similar to those produced by a neighbouring cell, with the juxtaposition of regions that 457 are highly compressed (blue) and regions that are highly stretched (yellow). 458 We show that the magneto-active substrates are fully compatible with fluorescence imaging 459 techniques (Fig.6A ). As such, the precise location of a cell with respect to a pillar is obtained 460 by combining the fluorescence images of far red fluorescent beads with those of fibroblasts 461 expressing eGFP vinculin. Fig.S7 and Movie S8 reveal that increasing gradually the current in 462 the electromagnets not only deforms the surface but also the adhering cell, and thus 463 demonstrate the possibility to tune the amplitude of mechanical stimulation induced by the 464 active substrate.
465
Other magnetically actuated systems proposed previously 19, 20 were designed to stimulate cells 466 specifically at the focal adhesion level with discrete surfaces. The present method rather 467 addresses larger length scales (from the subcellular to the cellular scales) with displacements 468 spanning continuously over larger distances (see Fig.5B ). The actuation is also particularly 469 efficient allowing displacements 5 fold larger than those reported by Sniadecki et al. 19 with 3 470 times less magnetic field. A specificity of this setup is to provide a continuous adhesive 471 surface thereby not restricting the adhesion dynamics and distribution and allowing the cells 472 to freely respond to the stimulation. 473 Finally, we investigated the cellular response to a 5-minute dynamic stimulation at 0.25Hz 
509
Alternative approaches to micro-pillar fabrication (e.g. electro-deposition in patterned 510 moulds) and template preparation (e.g. electro-deposition in patterned moulds or chemical 511 etching of foils) can be explored to improve the reproducibility of actuation from pillar to 512 pillar. The use of hard magnetic micro-pillars, which would be permanently magnetized in a 513 given direction, could also be studied.
514
Patterning adhesive islands on the surface, as done in 31, 46 , would overcome the limitations 515 related to the positioning and orientation of the cells with respect to the pillars. A strategic 516 functionalization of the magneto-active substrate would then guarantee the repeatability of 517 cell experiments by controlling the degree of spreading and the geometry of the cell. Most 518 importantly, patterning would enable to choose the mode of stimulation (stretching, 519 compression or shear) and the distance to the pillar. This improvement would also constitute a 520 first step toward high throughput experiments. In the long term, we believe that magneto-521 active substrates have potential to become a standard tool to investigate cell response to 
